Anthropogenic activity and climate change impacts on regional and global environments have been a feature during recent decades, including wide-ranging changes to patterns of precipitation and nitrogen (N) deposition 1 . The predicted increases in the rate of precipitation and N deposition for northwestern China by 2030 are 30% 2 and 2.5 g N m −2 yr −1 3 , respectively. Future changes in N deposition and precipitation are expected to alter the function and structure of ecosystems 4, 5 . Arid and semiarid areas are the most sensitive ecosystems to global changes, and their responses in hydrological, biological and biogeochemical respects are the most difficult to predict 6 . In particular, we do not know whether the response of desert ecosystems in northwestern China to these changes will be negative or positive.
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In arid and semi-arid ecosystems, the availabilities of N and water are the major factors limiting plant growth, functional group-level community structure and composition 4, 5, 7, 8 . Therefore, a small increase in precipitation and/or N deposition can have a disproportionately large ecological effect, and the contribution to plant yields within arid and semi-arid regions is much higher than that within other ecosystems characterized by high plant productivity 9 . Interactions between the effects of water and N addition on net primary production (NPP) and photosynthesis of desert plants 10 , physical and chemical properties of soil 11 and soil microbial community structure 12, 13 have also been reported. However, once the precipitation and N inputs exceed biotic demands, the pulsed precipitation and additional N could have an adverse impact on the ecosystem, i.e., excess N could be exported from desert ecosystems through many pathways (erosion, soil gaseous emissions, leaching and greenhouse gas www.nature.com/scientificreports www.nature.com/scientificreports/ emissions) [14] [15] [16] , which could cause ecosystem nutrient imbalances 9, 17 . The effects of pulsed precipitation could include gaseous N losses, ammonia volatilization and leaching in arid ecosystems 18 . Although low plant productivity is normal for (semi) arid ecosystems, these ecosystems cover a large proportion of the surface of earth 19 . Therefore, it is of great significance to evaluate the adaptability of plant responses to climate change, particularly changes in precipitation and N deposition in desert ecosystems. Desert vegetation responses to simultaneous increases in water and N have been widely reported; however, most of the research focused on plant morphological characteristics 5, 20, 21 , and less attention has been focused on physiological characteristics, particularly the shrub layer. As a shrub species that dominates single or mixed plant communities in the Gurbantunggut Desert, Haloxylon ammodendron is important for sand dune stabilization, and facilitating favorable nutrient and water conditions for other undergrowth vegetation, thereby maintaining the function and structure of arid ecosystems. Previous studies on H. ammodendron responses to global change have mainly focused on the seed-germination stage 22, 23 , rhizosphere respiration 24 , community distribution and diversity 25, 26 . However, relatively little attention has been paid to photosynthetic physiological responses to precipitation and N deposition and their combined effect, particularly the evaluation of physiological adaptability.
Recently, increased attention has been paid to identification of plant adaptability (stress resistance). Morphological, physiological, yield and ecological indices have been extensively applied to evaluate tolerance to stress [27] [28] [29] . However, plant adaptability is a complex process, and data gained from the use of a single indicator of the adaptability of plants can be influenced by the outside environment and variances in plant genotype, resulting in unreliable results. Thus, it is necessary to adopted a comprehensive multi-index evaluation method to determine the stress resistance of tested varieties 27, 30 . The present study used H. ammodendron of the southern Gurbantunggut Desert to investigate changes to physiological and photosynthetic characteristics of this species in typical desert regions of China under different precipitation and N conditions. Different multiple analysis methods were adopted for evaluating the adaptability of H. ammodendron through investigation of diurnal variation in photosynthetic gas exchange parameters and water potential and osmotic adjustment parameters. The relationship between physiological indices and adaptability is discussed, which provides the theoretical basis for the scientific management of desert ecosystems under global environmental change. Considering the potential for increased variability in nitrogen deposition and precipitation and a strategy of restoring desert ecosystems through establishing H. ammodendron forests, the objective of the present study were: (1) to understand the physiological responses of H. ammodendron to environment changes and; (2) to identify the optimal strategy for addition of water and nitrogen under current management of desert H. ammodendron. We initially hypothesized that: (1) increased precipitation would increase photosynthetic capacity and water potential, thereby reducing the content of osmotic substances, and; (2) the coupling model W 1 N 2 is optimal for comprehensive physiological adaptability of H. ammodendron under the six different water and N coupling models.
Results and Analysis
Selection of evaluation parameters. The extreme diurnal variations of the environmental factors appear at 10:00 am and 2:00 pm (Fig. 1) . The diurnal variation of photosynthetic parameters also showed that the intercellular CO 2 concentration (C I ), transpiration rate (T R ), net photosynthetic rate (P N ), water use efficiency (WUE) and stomatal conductance (G S ) showed concurrent significant increases or decreases, as indicated by the maximum and minimum values in Figs 2 and 3. Water potential (ψ) measures during early morning (ψ e ) reflected the recovery and water deficit of the plant, whereas the midday value (ψ m ) reflected the maximum water deficit. The diurnal variation of water potential showed a maximum and minimum at 8:00 am (early morning) and 2:00 pm (midday), respectively. Hence, a total of 15 physiological indices were selected as individual indicators for www.nature.com/scientificreports www.nature.com/scientificreports/ 
Variance analysis of double factors.
Variance analysis showed that there were significant differences among treatments for all indices (Table 1) , except protein content in water and N coupling (P > 0.05). The results showed that the effects of precipitation and N deposition and their coupled effects on the physiological characteristics of H. ammodendron are positive.
PAC and correlation analysis of various individual indicators.
Calculations of the PACs of photosynthetic parameters, water potential and regulators of osmotic pressure were based on the values obtained before and after water and N treatments ( Table 2) . We found that after the treatment, the
, ψ e and ψ m of assimilating shoots in different treatments were all enhanced (PAC > 1) compared with those of the control (W 0 N 0 ), whereas the values of the other indices increased and decreased (PAC < 1) compared with those of the control with the addition of water and N (Table 2) . Therefore, evaluating the adaptability of H. ammodendron to N and water addition in the southeastern Gurbantunggut Desert using only the PAC of one physiological index can lead to incorrect results.
As can be seen from the correlation coefficient matrix of various treatments indicators (Table 3) , varying degrees of correlation were evident among various indicators, suggesting overlaps in the information reflected. In addition, each index value provided a different input to the adaptability evaluation, i.e. one weight was associated with each index. As we know, adaptability in plants is a complicated process that is influenced not only by the plant genotype, but also by environmental conditions. Using only one index to evaluate adaptability therefore results in inaccurate information, and other multivariate statistical methods should rather be used.
Principal component analysis.
The PAC values of 15 individual indicators were calculated to minimize the overlap of information provided by indices, and these 15 physiological indices were used to develop three new indices. The first three indexes contributed 53.82%, 23.97% and 13.53%, respectively. The cumulative contribution of the first three comprehensive indices therefore reached 90.31%; hence, the contribution of the remaining indices is negligible and can be disregarded (Table 4) . Based on individual contributions of each comprehensive index, their individual weights can be calculated. Table 5) following PCA. For the same comprehensive indicator, such as Z1, under different water and N treatments, the maximum u (X 1 ) was 1.000 for the W 1 N 1 treatment and 0.000 for W 0 N 0 (control). This suggested that when only Z1 was considered, H. ammodendron showed the highest level of adaptability to the W 1 N 1 treatment, whereas its adaptability to the W 0 N 0 (control) was the lowest. The adaptabilities to the remaining treatments were sorted according to the value of u (X i ).
Weight determination. Based on the contribution of various comprehensive indicators, the weights were calculated in accordance with Equation (3). The results showed that the three comprehensive indicators had weights of 0.585, 0.265 and 0.150, respectively (Table 5) .
Comprehensive evaluation. The comprehensive physiological adaptability capabilities of H. ammodendron to various water and N treatments were calculated in accordance with Equation (4) ( Table 5) , and sorted based on the value of D. The adaptability order was:
To be specific, the minimum D value was obtained for W 0 N 0 , suggesting the lowest photosynthetic and physiological adaptability, whereas the maximum D value was for W 0 N 2 , suggesting the highest photosynthetic physiological adaptability. However, it is worth mentioning that the difference between W 0 N 2 and W 1 N 1 is not obvious; therefore, the photosynthetic physiological adaptability of H. ammodendron to two treatments was regarded as equal under different conditions.
Discussion and Conclusion
As two main factors limiting desert ecosystems, studying the effects of N and water on desert plants can help us to understand the response by desert ecosystems to global changes. The additions of water and N are important means of regulating plant growth and development. Some previous studies have shown that water and N addition increases the productivity of plants by improving WUE and nitrogen-use efficiency (NUE) by increasing the rate of assimilation as a result of increased water and N investment in the photosynthetic apparatus and other biological processes 7, [31] [32] [33] . Many scholars have confirmed that increasing N fertilizer can improve the water utilization efficiency 34, 35 , reflecting the coupling effect between N and water. Our results clearly showed that daily mean values of P N , T R , G S , C I and WUE increased as water and N applications increased (Figs 1-4) , and the photosynthetic capacity was significantly (P < 0.05) improved, which is consistent with our initial hypothesis. It should be noted that in W 1 treatments, the maximum photosynthesis of the N 1 level was obviously higher than that of N 2 , and the content of accumulated proline was the lowest and the plant could divert more energy to other physiological processes, indicating that the application of high nitrogen levels restrained photosynthesis to a certain extent and the N utilization efficiency of H. ammodendron decreased. However, under more arid conditions (in W 0 treatments), the maximum photosynthesis of the N 2 level was obviously higher than that of the N 1 and N 0 levels, and water potential gradually reduced, illustrating that the increased addition of N improves the photosynthetic rate and alleviates the pressure of environmental drought to a certain extent. The increased nitrogen concentration compensated for the plant damage caused by water deficit, since suitable application of N-fertilizers could raise water use efficiency, and further shows that the different water and N treatments influence plant water use efficiency differently 36 . www.nature.com/scientificreports www.nature.com/scientificreports/ H. ammodendron showed obviously P N midday depression in all treatments (Fig. 3A,B) , possibly due to the extreme heat, drought, high light intensity, high evaporation and other harsh environmental conditions prevalent in the Gurbantunggut Desert. The present study estimated that the maximum value of P N that appeared in PAR www.nature.com/scientificreports www.nature.com/scientificreports/ was 1762.11 mol m −2 s −1 , whereas the PAR at 12:00 pm -4:00 pm was significantly higher than that of the light saturation point of H. ammodendron (Fig. 1) . In addition, the high temperature and low air humidity (i.e. high VPD) appear simultaneously at midday, which works against photosynthesis of H. ammodendron. Therefore, the decrease of the photosynthetic function under strong light conditions is a preservation reaction to escape heat and drought damage. According to the criteria proposed by Xu 37 , the changing direction of C I alone could determine whether P N is subject to stomatal limitation or non-stomatal limitation. In the present study, C I in all treatments at midday except in W 0 N 2 , almost reached the maximum value, and G S showed a sharp decline (Fig. 2) . Therefore, the cause of the P N midday depression in H. ammodendron can be attributed to the result of the combination of stomatal and non-stomatal (harsh environmental conditions) factors.
In the present study, PCA was adopted to transform 15 individual indicators of assimilating shoots under different increased precipitation and N treatments into three independent comprehensive indicators, thus obtaining the D values under different future changes. Subsequently, the comprehensive physiological adaptability capabilities under six water and N addition treatments were sorted based on the D value, and the order of adaptability was:
Thus, it is evident that the coupling effect of increased water and N is reflected in the physiological adaptation of H. ammodendron. In addition, precipitation and N deposition interactive responses of physiological effect were much lower than those of N 2 single-factor, but still increased photosynthesis overall. And the D value of W 0 N 2 was significantly higher than that of W 1 N 2 , which is not consistent with our original hypothesis, suggesting that the water and N coupling effects on H. ammodendron are biased towards the low N treatment, and the effect of "raising water use efficiency by suitable application of fertilizers" [38] [39] [40] is obvious under certain water stress. It is important to note that the D values of W 1 N 1 and W 0 N 2 were 0.614 and 0.642, respectively, and the difference is not very obvious; therefore, they can be considered as equivalent to a certain extent. The significance of this is that to achieve the equivalent effect, i.e. more N is required without increasing water, or under increased precipitation, only small quantities of N fertilizer are required. It can be said that the two strategies are associated with highly effective use of water and fertilizer resources in arid areas. This demonstrates that H. ammodendron has evolved a unique physiological adaptation to water and N.
Water is a fundamental natural resource maintaining the ecology of the northwest arid region of China. The warming of the climate is exacerbating extreme hydrological events, which results in increased uncertainty in regards to water resources, the water cycle and the regulation of ecological water demand in the northwest arid region 41, 42 . In the present study, the effects of two treatments (W 1 N 1 and W 0 N 2 ) on comprehensive physiological characteristics were shown to be suitable for countering the impact of the uncertainty associated with future water resources. Within desert ecosystem management, when water is abundant, the addition of a small amount of N can ensure the normal growth of H. ammodendron. In contrast, when water is scarce, more N is required to allow H. ammodendron to deal with drought stress. It must however also be considered that not only N, but also phosphorus (P) is an essential nutrient for plant growth. However, the present study focused on the influence of water and N deposition under the assumption of no P limitation to growth, and the analysis of the influence of P is left to future studies. The conclusion of the present study is consistent with the theoretical concepts of "raising water use efficiency by suitable application of fertilizers" and "promoting fertilizer use efficiency by suitable application of water" 38, 39, 43 , and suggests that increased precipitation and nitrogen deposition under future global environmental changes will be beneficial to the growth of desert plants. In addition, the optimal current models for improved management of desert H. ammodendron are W 0 N 2 and W 1 N 1 .
Materials and Methods
Study Site. Native habitats of H. ammodendron in the southeastern Gurbantunggut Desert (44°30′N, 87°45′E and 437.1 m a.s.l.), near the Fukang Station of Desert Ecology, Chinese Academy of Sciences, northwestern China, were chosen as the experimental sites, from April 2014 to October 2016. The region has a temperate arid continental climate with cold winters and dry hot summers, and the growing season is from April to October. The average annual precipitation and temperature are 215.6 mm (the precipitation during April to October accounted for 70-80% of the annual precipitation) and 7.1 °C (the monthly average temperature was highest in July at 33.6 °C and the lowest in January at −21.8 °C), respectively, with a potential evaporation of approximately 2,000 mm 14 . The dominant soil type is grey desert solonetz (pH = 9.55 ± 0.14) with a low fertility with aeolian sands on the surface (0 cm-100 cm). The total N content and ratio of C to N are 0.08 g kg −1 ± 0.003 g kg −1 and 21.39 ± 1.84, respectively 14 . Haloxylon persicum and H. ammodendron dominate floral species, with approximately 30% coverage 44 , with herbs comprising some other dominant species. www.nature.com/scientificreports www.nature.com/scientificreports/ Experiment design. The experiment simulated two levels of N deposition: (1) , and evenly applied after the simulated precipitation. Water and NH 4 NO 3 was applied using a nebulizer, through irrigating the H. ammodendron canopy in the late afternoon or early morning to reduce evaporation. The same water volume was applied to the zero N treatments. Stainless steel sheeting was used as a border around all plots to reduce lateral water and N losses 14 . The photosynthetic gas exchange parameters, water potential and the content of substances regulating osmotic pressure were measured in three consecutive sunny days of early July 2016 (the period of vigorous growth of H. ammodendron).
Experimental Methods
Gas exchange parameters. Gas exchange for the annual assimilating shoots of H. ammodendron was determined. The diurnal variations of the rates of net photosynthesis (P N ), transpiration (T R ), stomatal conductance (G S ) and concentrations of intercellular CO 2 (C I ) were measured, recorded and calculated simultaneously by a portable photosynthesis measurement system (LI-6400XT, LI-COR, Lincoln, NE, USA) every 2 h from 08:00 am to 8:00 pm on sunny days in July. A 2 cm × 3 cm chamber was used to measure the gas exchange of assimilating shoots. The efficiency of water use (WUE) was calculated using with the equation WUE = P N /T R . The diurnal variations of atmospheric temperature (T A ), relative humidity (RH), vapor pressure deficit (VPD) and photosynthetically active radiation (PAR) were simultaneously measured. Three replicates were sampled from each individual plant, with the mean of each consecutive stable 10 data points calculated.
Water potential. Assimilating shoot water potential (ψ) of H. ammodendron was measured using a HR-33T Dew Point Microvoltmeter (WESCOR, USA). The well-developed annual assimilating shoots of the trunk of H. ammodendron situated 1.3 m above the ground and directly exposed to sunlight were collected, and the middle section of the shoots was extracted and immediately placed in the C-52 sample chamber of a Dew Point Microvolt-meter. The sample chamber was connected to a water potential meter. The μv value was then measured and the potential value (MPa) of the shoot sample was calculated according to the formula μv = (dew-point value)/7.5. The photosynthetic parameters and the daily variation was simultaneously measured. The measurements of variation in water potential were conducted from 8:00 am to 8:00 pm and samples were collected every two hours. The process was repeated three times for calculation of a mean.
Substances regulating osmotic pressure. Samples were collected from the same parts of assimilating shoots while simultaneously measuring photosynthetic parameters from 10:00 am to 12:00 pm. The samples were immediately stored in a liquid N tank for transportation back to the laboratory for measurement of regulators of osmotic pressure. The contents of relative soluble sugar (SS), proline (Pro) and soluble protein (Pr) were determined with the anthrone ethyl acetate, ninhydrin colorimetry and Coomassie Brilliant Blue staining methods, respectively 46 . Statistical analysis. Origin 8.0 for Windows (OriginLab Software Inc., CA, USA) and SPSS 19.0 statistical package (SPSS Inc., Chicago, IL, USA) software were adopted for principal component analysis (PCA), variance analysis and correlation analysis. Two-way analysis of variance (ANOVA), using the water and N conditions as two independent variables, was applied to determine the differences in parameters (gas exchange, water potential, SS, Pro and Pr) between treatments, and statistical significance was assumed if P < 0.05. The comparison of means among treatments was based on the least significant difference (LSD) test at the 5% probability level. An analysis of the relationships between parameters was conducted using the Pearson linear correlation and the correlations were built from the means of N and water measurements within each treatment.
Related indicators were calculated using a method adapted from Cao 27 et al. The photosynthetic physiological adaptability coefficient (PAC) was calculated as: = PAC Determined value of treatment/Determined value of control (1) Subordinate function values of various comprehensive indicators of different treatments were calculated as:
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The D values of the different treatments were calculated as:
i n 1 X i , X min , X max and W ἰ are the score, minimum score, maximum scores and importance (weight) of the ith comprehensive indicator, respectively; P i is the contribution rate of the ἰth comprehensive indicator of various treatments of H. ammodendron; D is the comprehensive evaluation value for adaptability under different treatments of water and N.
